I . Introduction
During the last decade, HL-2A, which originated from the old ASDEX machine, has demonstrated some of the expected benefits of a closed divertor as seen in other tokamaks (Alcator C-mod, ASDEX-U, DIII-D, JET and JT-60U, etc). However, it also has some disadvantages which have limited some more advanced research. These are: an inflexible plasma configuration, weak neutral pumping power in the divertor region, and mechanical trouble from the divertor shaping coils being inside the vacuum vessel, etc, .
HL-2M is to be an upgrade of HL-2A. It will be the largest copper-coil tokamak in China (The other one, EAST, is superconducting). It is designed to operate with elongated plasma cross-sections in either double null (DN) or single null (SN) divertor configurations. The scientific mission of HL-2M is to explore the reactor relevant regimes with high plasma core confinement and to develop and verify solutions for power exhaust and particle control in the presence of high auxiliary heating (10MW in the first step and 20MW in the second step). In the same time, some key technologies and issues related to ITER will be developed. In this report we discuss the design of the poloidal field system and some related issues, such as the estimation of the volt-seconds consumption and poloidal field system stored energy with and without auxiliary heating, and the vertical stability properties.
The Tokamak Simulation Code [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] (TSC) is a two-dimensional time dependent free boundary simulation code that advances the MHD equations describing the transport time-scale evolution of an axisymmetric magnetized tokamak plasma. TSC evolves the magnetic field in a rectangular computational domain using the Maxwell MHD equations for the plasma, coupled through boundary conditions to the circuit equations for the tokamak poloidal field coils. The plasma model in TSC is completed by providing functional forms for the electron and ion thermal conductivities, for the particle diffusion coefficients and for the plasma electrical resistivity. We present the results of numerical predictions for the HL-2M discharges which have been carried with the TSC code.
II. HL-2M Poloidal Field coil (PFC) system
Tokamak plasma performance generally improves with increased shaping of the plasma cross section. The newly designed poloidal field coil system must have the capability to accommodate limiter, SN and DN configurations. The cross section of HL-2M PFC system is shown in Fig.1 .
The major parameters of this design are shown in Table 1 . External to the toroidal field (TF) magnet and assembly are the 5 up-down symmetric pairs of primary PF-producing coils. The central solenoid coil 1, CS1, is divided into two parts by the midplane. PF1 coil has also been divided as two group coils (PF1i, PF1e) but they use same power supply. Because these coils are external to the computational grid, we called them external PF coils. They are labeled in pairs, CS1, CS2, PF1, PF2, PF3 proceeding clockwise around the machine from the high field side to low field side. 
Flattop time 3s
The first main function of the external coils is to provide the volt-seconds required to build up and sustain the plasma current by carrying coil currents changing in the opposite direction. The second function is to produce and control the plasma shape. The third function is to provide control of both the radial and vertical plasma position. The detail position and area of each coil are listed in Table 2 .
In additional to the external PF coils, there is one pair of passive plates that are being considered to be installed between the plasma edge and vacuum vessel. They are called internal coils. The final design for these is not fixed. An initial evaluation of these is described in Section IV.4. The close-fitting metallic vacuum vessel and the passive plates provide ideal-timescale stabilization to the plasma vertical axisymmetric instability. However, because of the resistivity in these plates, an additional active feedback system is required in order to provide total stabilization. III: Typical discharge provided by EFIT code MHD equilibrium analysis is basic for determining optimal PF coil group current distributions, consistent with engineering constraints. First, the design should include the flexibility of the PF system with respect to different operating modes, for example, double-null divertor (DN), single-null (SN) divertor, limiter, varying elongation and triangularity. Secondly, we must determine the sensitivity of the coil group current distribution to uncertainties in plasma pressure and current distribution and to variations in the plasma shape parameters. 4 The initial PF coil group currents for each equilibrium conditions ( k a R pol , , , Figure 2: Typical PF coil group currents evolution provided by EFIT code. Table 3 .
IV. Typical discharge provided by TSC code.
The tokamak simulation code is used to simulate the current ramp up, flattop and ramp-down phases of normal HL-2M discharges. TSC includes a two-dimensional transport description of the plasma, using neoclassical resistivity. In these simulations we used the Coppi-Tang two-regime anomalous thermal conductivity model [2] with e i χ χ = . The temperature profiles Te,i(ψ, t) are evolved self-consistently. However, the density profile is fixed in shape for all time while the central density is given prescribed time dependence. In these simulations, we used a time-averaged sawtooth model in which no attempt is made to simulate the detailed dynamics of sawtooth. Instead, the effect of sawteeth on the temperature and current density evolution is taken into account, in the average sense, by flattening the resistivity profile inside the sawtooth inversion radius according to the prescription
The first task for our TSC simulation is benchmarking the results from EFIT. The whole computational domain is covers a width from 1.05m to 2.85m in the R direction and a height from -1.4m to 1.4m in the Z direction. This is resolved using 116 vertical divisions (zones) and 73 radial divisions as shown in Fig. 3 . 
IV.1 Ohmic heating DN divertor discharge
The basic HL-2M design should have DN divertor discharge capability. The nominal currents in each PF coil are listed in Table 3 . However, if symmetric magnetic surfaces (for a DN discharge) are desired, only the current values listed for the upper coils are used for both the upper and the lower coils. In the ohmic discharge, most of the important plasma profile parameters and flux linkage at the BOFT (beginning of flattop), Flattop, EOB (end of flattop) are given in Table 4 . The main parameters of the evolution are presented in Fig.4~Fig .20.
The plasma current is ramped linearly in time from the initial value Ip=50 kA at time=0.0s to the flattop value of Ip=1.2 MA at t=0.99 sec (Fig5), then remains constant until 4.2sec and ramps down linearly to 0.0 kA at 5sec. The toroidal field change is not plotted as it is kept at Bt=2.5 T.
The plasma electron density ( Fig.8 ) linearly increases to it's highest value, n 0 = at 1.2sec, then stays constant until 4.2 sec, and drops down to zero linearly at the end of discharge. and 7) has no contribution to the total V-s but it is necessary to maintain the plasma shape. At about 3.0sec, Fig16 shows that the Volts-sec are used up because the currents in CS1 and CS2 coil arrive their total available maximal currents 5175kA and 5850kA. Fig. 15 is the total plasma ohmic power balance and Fig.18 is the total power requirement to the PFC system. 
IV.2 LSN discharge
The standard HL-2M plasma is a lower single null divertor discharge in order to maximize the plasma volume within the vacuum vessel. In this case, the position of the active X-point (assumed here is the lower null), flux Volt-second consumption, and the plasma shape are the focus.
Single-null plasma parameters for BOFT, Flattop, and EOB are listed in Table 5 and many features of the plasma evolution is displayed in Table 5 and Figures.21 to 40 .
Most of the main plasma parameters are set the same as that in DN case, such as plasma current waveform (Fig. 22) , plasma electron density waveform (Fig.25) , observing pair positions, etc. The difference between these two configurations is that we force a stronger pre-programmed current to pass through most of the coil groups in the lower midplane region to form the lower SN configuration.
The designed discharge begins as a limiter configuration for the first 0.5sec, then changes to double null divertor until 1 second. Due to the asymmetric current beginning at 1 second, Fig.23 shows one active X-point formed immediately from 1 second and retained all discharge (IPLIM = -1) . Fig 22 shows that the plasma magnetic axis radial position is around XMAG=1.83m. The vertical displacement of the magnetic axis shifts down from the beginning of flattop, the maximal displacement is about ZMAG=0.07m at the end of flattop (Fig.23) .
Compared with the fixed plasma radius in DN configuration, the plasma major radius in LSN configuration is reduced to 1.80m (a little less) from 0.5sec and keeps this value to the end of flattop. The plasma minor radius shrinks from 0.55m to 0.49m during the flattop phase (Fig.28) .
Plasma triangularity and elongation (Fig.29) are stable but are also lower than that in the DN. Fig31 is the total discharge Volts-sec consumption. Fig33 shows the actual total current in each of the PF coil groups. Also at about 3.0sec, the Volts-sec is used up. Fig. 32 is the total plasma power balance. Fig.34 is the total power consumption by the PF coil groups 
IV: 3 HL-2M LSN Discharge with Auxiliary heating
Two possible DN, LSN ohmic discharges are described in the last section. The features we wish to improve upon are that the Volt-sec mainly provided by CS1, CS2 coil groups are such that they can keep discharge no more than 3 sec. Also, in the ohmic discharges, the highest volume averaged beta is lower than 0.5%.
The HL-2M project has 10MW (4MW NB+3MW LHCD+3MW ECRH) auxiliary heating power in the first phase and 20MW auxiliary heating power is expected in the second phase. This high auxiliary heating power will not only decrease the resistive Volt-sec consumption but also will increase the plasma beta. Similarly, high power can trigger the H-Mode transition. The high beta plasma also brings other problems such as plasma stability and control. Here, we present the main results in LSN configuration with auxiliary heating power in Figures 37 through 40. Field on axis(T) 2.5 2. Increasing the plasma beta requires an enhanced vertical feedback system and reasonable shape conditions. The gains found to yield the best response for the vertical feedback are Gp= A/Wb, and Gd= A-s/Wb. Strong feedback can keep the plasma magnetic axis vertical displacement stable at about 0.03~0.04m and the radial displacement stable at 1.83m with the forming of LSN from 1 second (Fig 39) . Plasma central beta quickly increased to over 1.6 % when all auxiliary heating power is added (Fig.40) . At the same time, Table 6 shows has a little change during auxiliary heating. This causes to approach 3.0 as opposed to 3.5~4 without the auxiliary heating (Fig.48 ) . Fig 41 also shows it to be close to the edge of the unstable region. So this operation is riskier than that without auxiliary heating power.
edge q
The electron temperature reaches 2.5keV. (Fig. 43 ). Plasma energy confinement time (Fig 42) decreased and plasma minor radius shrinks to about 0.48m (Fig.44) . The current constitution with different heating system is demonstrated in Fig46. No big difference is found in plasma elongation and triangularity compared with that without auxiliary heating. The volt-seconds consumption is reduced (Fig 45) . Fig46 shows we now have enough V-s to reach a 5seconds discharge. Thus, since the converged growth time is much greater than an Alfven wave transit time and scales with the inverse vessel resistivity, we conclude that the HL-2M design is stable on the ideal MHD timescale. However, the physical growth time is very short and is likely too fast to be controlled by an active control system with reasonable power. We would therefore recommend considering the addition of additional passive plates in order to increase the passive growth time and hence ease the control requirements for the active control system. 
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The detailed design of the HL-2M vacuum vessel is not yet fixed, but in these studies we used an 8mm thickness SS plate to estimate the resistivity of the vacuum vessel. TSC can also model the additional passive plates that may be added to further stabilize the vertical mode. The passive plates will likely consist of two plates installed between the plasma edge and vacuum vessel, symmetric with respect to the midplane. In order to decrease to the coupling to the other PFC coils, the passive plates should be constructed (and modeled) to have a zero net current constraint. This corresponds to one or more cuts at a fixed toroidal angle. The proposed plate material is copper with thickness 0.05m. The plates being considered pass through the positions (2.17, 0.57), (2.2, ± ± 0.52) and (2.23, ± 0.47). A future study will evaluate the effectiveness of these plates in controlling the vertical instability.
V. Summary of equilibrium capability
The last section has presented the main calculation results and the actual coil and plasma currents needed to satisfy the performance requirements. The reference operating modes are the DN divertor and the SN divertor with ohmic or auxiliary heating power. The results show that the discharge can be smoothly transformed from a limiter to a DN/LSN configuration and then ramped down again without a disruption.
It has long been recognized that MHD stability consideration are an important part of device design. The plasma parameters significant to MHD stability are the plasma geometry, safety factor at the plasma edge, toroidal beta and the plasma pressure and current profiles. Of these factors, the total plasma current (or edge safety factor) is one of the most critical. When the plasma current is such that <2, the discharge is almost certain to disrupt. These disruptions are primarily due to current-driven external kink modes and are not related to beta effects. Operations at 2< <3 requires great care to avoid frequent disruption. However, when >3, disruptions can generally be avoided. For HL-2M, The nominal total plasma current is 1.2MA which corresponds to an edge safety factor between 3 and 4. MHD stability analysis shows this regime to be stable. If just ohmic heating is considered, based on the basic current ratios provided by EFIT calculation, HL-2M can have good DN or LSN divertor discharge from t=0.5sec and it can be retained at least 3.0 seconds according to the Volt-sec consumption. Without auxiliary heating, the highest plasma central beta is 1.0 %, the lowest is about 3.5, and discharges should be stable. The simple passive plate system using only the vacuum vessel is discussed in section IV.4.
TSC predicts that the HL-2M design without additional passive plates is ideal MHD stable to the vertical instability, but with a very short growth time. Additional more detailed studies should be performed in order to optimize the shape and location of these plates and to evaluate and optimize the properties of the active control system.
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